The stable dispersion of graphene flakes in aqueous medium is highly desirable for the development of materials based on this two-dimensional carbon structure, but current production protocols that make use of a number of surfactants typically suffer from limitations regarding graphene concentration or amount of surfactant required to colloidally stabilize the sheets. Here, we demonstrate that an innocuous and readily Overall, the present results should expedite the processing and implementation of graphene in, e.g., conductive inks, composites and hybrid materials with practical utility in a wide range of applications.
Introduction
As a two-dimensional carbon material with outstanding physical properties and a strong potential for application in many relevant technological areas (e.g., electronics, photonics, energy conversion and storage, chemical sensing and biosensing, catalysis or biomedicine), graphene is currently the focus of intense research efforts worldwide. [1] [2] [3] To fulfill the prospect of using graphene in large-scale industrial applications, simple and inexpensive methods for its mass production with controlled characteristics must be developed, and consequently, over the last years a great deal of research has been directed towards achieving this goal. 3, 4 So far, a number of both bottom-up and topdown approaches for the preparation of different types of graphene have become available. Among the former, chemical vapor deposition of hydrocarbons onto suitable substrates (typically metals, such as copper) is particularly attractive, as it affords largearea, mostly defect-free graphene films suitable for high-end applications in, e.g, electronics or photonics. [3] [4] [5] [6] However, in many other instances having large numbers of graphene sheets in the form of colloidal dispersions or inks would be preferable, and in such cases top-down methods based on the exfoliation of graphite and graphite derivatives appear as a viable technological option. 3, 4, 7, 8 Although the exfoliation and subsequent reduction of graphite oxide has been extensively investigated as a convenient means of affording bulk quantities of graphenelike sheets (reduced graphene oxide sheets) with practical utility in many areas 9-13 the resulting material generally contains a significant amount of residual oxygen and structural imperfections, and is thus of limited interest when pristine, defect-free graphene sheets are sought after. 14, 15 In the latter case, direct exfoliation of graphite in the liquid phase, usually triggered by ultrasound waves, has been proposed as a simple 6 here we show for the first time that it is a truly exceptional surfactant in that it can stabilize very high concentrations of graphene sheets in aqueous medium (up to ~50 mg mL -1 ) using very low biomolecule/graphene mass ratios (~0.04). To the best of our knowledge, such performance has not been previously reported for aqueous graphene dispersion with any (bio)surfactant. Our finding suggests that FMNS could be used as a key component in the development of high-throughput approaches towards graphene colloidal dispersions and inks. Furthermore, we demonstrate the potential utility of the FMNS-stabilized graphene suspensions by synthesizing graphene-noble metal (Ag, Pt, Pd) nanoparticle (NP) hybrids, which exhibit a high catalytic activity in the reduction of nitroarenes and good performance as electrocatalysts towards the oxygen reduction reaction, with a possible use in electrochemical oxygen sensing. consists of a tricyclic heteronuclear organic ring (dimethylated isoalloxazine) appended with a phosphorylated alcohol (ribitol) moiety 46, 50 Such a structure endows FMNS with some features that are central for its use as an efficient stabilizer of graphene sheets in aqueous medium. More specifically, due to its planar, hydrophobic and partially aromatic character, the isoalloxazine component of FMNS can be expected to strongly adsorb onto the basal plane of graphite/graphene. In addition, the polar, hydrophilic phosphorylated alcohol moiety of the molecule will extend into the aqueous phase, thus providing colloidal stability to graphene sheets via electrostatic repulsion between negatively charged phosphate groups. As a matter of fact, bath sonication of graphite powder in aqueous FMNS solutions followed by mild centrifugation of the resulting dispersions afforded black-colored supernatants that were indicative of the successful exfoliation and colloidal stabilization of the graphite particles. The resulting dispersions were further processed by repeated cycles of sedimentation through high-speed centrifugation and resuspension in pure water to get rid of as many free, non-adsorbed FMNS molecules as possible, finally yielding stable graphene suspensions with minimized FMNS/graphene mass ratios (see Fig. 1b for a schematic of the preparation procedure). Alternatively, the free FMNS fraction could be removed by dialysis. Indeed, the dispersions could be dialyzed for long periods of time (e.g., weeks) without showing any visible sign of agglomeration or precipitation, this being a first indication that the exfoliated graphite particles had been colloidally stabilized by a small amount of strongly adsorbed FMNS molecules. Actually, FMNS was selected as the best candidate for the stabilization of graphene in colloidal solution from a bench of different natural compounds containing an aromatic functionality along with a phosphate groups, such as vitamin B 6 phosphate., on the basis of a previous survey study on their performance.Riboflavin alone (i.e., FMNS without the phosphate group) adsorbed onto the graphene surface but was not effective in colloidally stabilizing the flakes. cycles that were intended to remove the free FMNS molecules (cuvette in the middle of Fig. 2b and green plot in Fig. 2a ). However, in this case significant absorbance was seen in the whole wavelength range above 500 nm, consistent with the presence of graphitic material in the dispersion . 24 By contrast, after purification of the dispersions via the iterative sedimentation-resuspension process, the absorption bands characteristic of FMNS vanished almost completely and the recorded spectrum was that archetypal of pristine graphene sheets (black plot in Fig. 2a ). More to the point, a single band at ~272 nm was observed, which could be attributed to  * transitions in extended electronically conjugated carbon structures, together with strong absorbance in the visible and near-infrared range. 24, 25, 29 The latter feature led to the well-known opaque black tone characteristic of dispersions of graphenic materials, including pristine graphene and reduced graphene oxide (Fig. 2b, right cuvette) . 24, 31, 52, 53 These results suggest that the iterative purification process is remarkably efficient in eliminating the free FMNS fraction from the aqueous dispersions and that just a relatively small amount of this amphiphile (compared with the amount of suspended graphitic material) is actually required to stabilize the exfoliated sheets. This is an important point that is usually not considered in the litereature concerning the colloidal stabilization of graphene with surfactants. Indeed, the purified dispersions were seen to be stable for at least six months, standing visually homogenous throughout without showing significant precipitation. Hence, we assume that only a relatively small amount of FMNS molecules remain in the dispersion and they are for the most part strongly adsorbed on the exfoliated sheets, providing them with a high colloidal stability in the aqueous medium. Below, we will present further indication that this is indeed the case.
Results and discussion

Preparation and characterization of FMNS-stabilized aqueous graphene dispersions
We then sought to optimize the preparation procedure of these suspensions (mainly in terms of the amount of material that could be exfoliated and dispersed) by investigating the influence of several experimental parameters, such as the initial concentration of graphite powder and FMNS, sonication time, or centrifugation conditions. For graphite powder with the typical particle sizes used here (~2-20 m), control experiments revealed a starting graphite concentration of 30 mg mL -1 to be reasonable for the exfoliation of this material. Lower initial graphite concentrations yielded correspondingly lower concentrations of exfoliated sheets in the aqueous medium, while significantly higher starting concentrations did not result in equally higher concentrations of the exfoliated phase. Similar observations have been recently reported in the exfoliation of graphite and other layered materials in water using different stabilizers. 33, 54 Although the origin of the reduced exfoliation efficiency at the higher initial graphite concentrations is currently not understood, it could be possibly related to changes in the generation and/or collapse of cavitation bubbles, which are thought to be responsible for the delamination of the material, as a result of the presence of large fractions of solid particles in the liquid medium. 54, 55 As shown in Fig. 2c , the amount of graphite that could be exfoliated and stably suspended in the aqueous medium was also seen to be highly sensitive to the initial concentration of FMNS. Such an amount first increased steeply and then steadily decreased with increasing FMNS concentration, reaching a maximum at about 1 mg mL -1 of the amphiphile. At high initial FMNS concentrations (i.e., 10 mg mL -1 and above), very little graphitic material could be dispersed. Again, this type of behavior, where the amount of dispersed material goes through a maximum value with increasing concentration of stabilizer, has been documented beforehand for a number of layered materials and surfactant-water systems, and different explanations have been proposed to account for it. 22, 25, 36, 39, 54 In the case of some stabilizers with a planar, aromatic core that strongly adsorbs onto the graphene surface and an ionizable moiety that provides colloidal stability to the graphene sheets through electrostatic repulsion, the dissociation degree of the ionizable group has been shown to decrease above a given concentration, thus leading to a reduction in the colloidal stability, and consequently in the concentration, of aqueous graphene dispersions. 36, 39 In the particular instance of FMNS, because its negatively charged phosphate group lies relatively far apart from its planar, hydrophobic core, there is also the possibility that it undergoes self-association via  or hydrophobic interactions at higher concentrations in water. Indeed, it has been shown that this amphiphile possesses a strong propensity to form dimers (but not higher-order structures) in aqueous solution, with the molar fraction of molecules participating in dimeric structures increasing notably as the FMNS concentration is increased. 56 As a result of this competitive self-association process, the thermodynamic drive for adsorption of FMNS on the graphene surface can be expected to diminish, so that the exfoliated sheets would become less efficiently stabilized in the aqueous medium at increasing concentrations of the amphiphilic molecule. We stress that the origin of the observed FMNS concentration dependence is not completely clear and its elucidation will most probably require in-depth studies, which are beyond the scope of the present work. In any case, we do not believe that such behavior is related to any chemical modification of the FMNS molecules during the preparation of the graphene dispersions.
For example, sonication of aqueous FMNS solutions, which could be the most obvious source of chemical modification, did not give rise to any significant change in the four characteristic UV-vis absorption bands of the molecule.
Optimization of sonication time and centrifugation speed was also carried out.
Consistent with previous reports on the exfoliation of graphite in aqueous surfactant solutions to give graphene sheets, 24 The miscrocopic characterization by Transmission electron microscopy (TEM) and atomic force microscopy (AFM) showed that the suspension consisted typically of flakes with lateral dimensions of a few hundreds of nanometers and five or less monolayers thick (see Supporting Information for details). Raman spectroscopy provided evidence that the exfoliated flakes were of a high structural quality (see Supporting Information for details). Only carbon, oxygen, nitrogen and phosphorus were detected in the X-ray photoelectron spectroscopy (XPS) survey spectra of the dry graphene powder (Fig. 3a) . The percentage of phosphorus was very low (~0.1), but nonetheless above the detection limit of this technique. The presence of phosphorus could only be due to the phosphate group of the FMNS molecule, because neither the starting graphite nor the material exfoliated in a phosphorus-free medium (e.g., in
water-isopropanol mixtures without surfactant) 57 Table 1 compares conductivity values collected from the literature for a number of films prepared from suspensions of essentially defect-free graphene flakes in different surfactant-water solutions or organic solvents. 22-25,39,43, 58 -63 For graphene films derived from aqueous surfactant-based suspensions, relatively high conductivities (>10000 S m -1 ) have been only typically attained following a thermal annealing step at moderate temperatures, which was not required in our case. Anyhow, as noticed from Table 1 , conductivity values similar or even higher than those of our FMNS-based films have been only accomplished with annealed films prepared from organic solvent dispersions. The remarkable performance of the FMNS-based graphene films described here can be attributed to both the high structural quality of the exfoliated sheets and, probably more importantly, to the low mass fraction of FMNS present in the films, the latter implying that electrical contacts between neighboring sheets will not be severely hampered as is the case for films incorporating large fractions of surfactant. 22,24. Indeed, in a very recent report, the sheet resistance of graphene films prepared from (non purified) dispersions stabilized with flavin mononucleotide before and after annealing was 1800 and 130  sq .
respectively, while the corresponding sheet resistance of our films is ~0.5  sq . -1 . In that report, the flavin to graphene mass ratio of the dispersion was about 83. in the potential region between 0 and -0.9 V vs. Ag/AgCl. These CVs exhibited one anodic and one cathodic peak that were not present for GCE-supported graphene films obtained from exfoliated graphite in water-isopropanol mixtures in the absence of FMNS or any other stabilizer (black trace in Fig. 4a ). 57 The intensity of these peaks We have demonstrated that FMNS is able to colloidally stabilize the sheets at low mass ratios (~0.04 relative to graphene), which is an important feature when considering practical applications of the FMNS-based suspensions. However, similar to what has been very recently reported in the literature, 47 the concentration of graphene in the asprepared dispersions was relatively low (~0.3 mg mL -1 ), whereas much higher values would be required for such dispersions to be of truly practical utility, for instance in the development of high performance, conductive graphene-based inks. We believe that this low graphene concentration is mostly related to the low exfoliation yield that is usually associated with the use of ultrasound 7, 17, 18, 22 rather than to the suspending ability of FMNS having reached its limit. Indeed, significantly higher graphene concentrations (a few to several milligrams per milliliter) could be easily achieved by using graphite powder that had been pre-exfoliated by sonication in water-isopropanol mixtures. In the pursuit of even higher concentrations, two additional protocols were explored. In one of them, the purified dispersions were concentrated up to 30-40 mg mL -1 by removal of water in a rotary evaporator. In the second protocol, the dispersions were subjected to with FMNS (cuvette 1), the same dispersion diluted by a factor of 100 (2), 1000 (3), 5000 (4) and pure milli-Q water (5). A typical UV-vis absorption spectrum of the graphene-Ag NP hybrid is presented in Fig. 7a . In addition to the absorption band located at about 272 nm, arising from the graphene sheets (see above), there is a strong peak at ~410 nm that can be ascribed to the surface plasmon resonance (SPR) band characteristic of metallic silver nanostructures. 68 Indeed, the presence of the latter was visually evident from the yellowish tone of the aqueous dispersions of this hybrid, which is in contrast to the grayish color of dispersions that only contain graphene sheets at the same concentration (see inset to Fig. 7a ). Neither Pd-nor Pt-based metallic nanostructures displayed optical absorption bands, but evidence for the presence of these two elements, as well as Ag, in metallic form in the hybrids could be gathered by XPS. (Fig. 7b) , which can be ascribed to the 3d 5/2 and 3d 3/2 levels of Ag 0 , respectively; 335.3 and 340.6 eV (Fig. 7c) , attributed to the 3d 5/2 and 3d 3/2 levels of Pd 0 , respectively; and 71.3 and 74.6 eV (Fig. 7d) , which can be associated to the 4f 7/2 and 4f 5/2 levels of Pt 0 , respectively. 69 No components that could be associated to oxidized Ag, Pd or Pt (e.g., Ag + , Pd 2+ or Pt 4+ ) were detected in the core level spectra, indicating that the NPs observed on the graphene sheets were generated in metallic form, as intended. The amount of metal on the graphene sheets was determined by inductively coupled plasmamass spectrometry (ICP-MS), which yielded wt. % loadings of metal to graphene of 40, 17 and 8 for graphene-metal NP hybrids decorated with Ag, Pd and Pt, respectively.
Synthesis of metal NPs on FMNS-stabilized graphene sheets and investigation of the catalytic and electrocatalytic performance of the resulting hybrids
To assess their catalytic activity, the graphene-metal NP hybrids were tested for two commonly studied model reactions, namely the reduction of p-nitrophenol (p-NP) to p-
aminophenol (p-AP) and the reduction of p-nitroaniline (p-NA) to p-phenylenediamine
(p-PDA) in the aqueous phase at room temperature, using NaBH 4 as reductant. These reactions are also relevant from a practical point of view: for example, the reduction of p-NP to p-AP constitutes a key step in the synthesis of some analgesic and antipyretic drugs, such as paracetamol, whereas p-PDA obtained by reduction of p-NA is employed as a dye, as a rubber antioxidant or in the preparation of aramid-based polymers (e.g., Kevlar). 70, 71 Both reduction reactions are known to be thermodynamically favorable, but are kinetically hindered by relatively high activation barriers, so that the mediating role of a catalyst becomes necessary for them to proceed at a convenient rate; in particular, noble metals such as Au, Ag, Pd and Pt have been shown to be very efficient in this regard. 70 Furthermore, both reactions can be readily followed by UV-vis absorption spectroscopy. More specifically, under acidic or neutral conditions an aqueous p-NP solution exhibits a strong absorption band at ~316 nm (Fig. 8a, black trace) . However, this peak red-shifts to about 400 nm at the basic pH generated in the presence of NaBH 4 , which is due to deprotonation of p-NP to give the p-nitrophenolate anion (green trace).
Upon reduction of the latter to the p-aminophenolate anion, a characteristic, relatively weak band appears at ~295 nm, whereas no absorbance is detected at 400 nm (violet trace). Thus, the absorbance at 400 nm should be directly related to the concentration of p-nitrophenolate in the reaction medium, and consequently, monitoring such absorbance can be taken as a quantitative measure of the progress of this reduction reaction.
Similarly, p-NA displays a well-defined absorption peak at ~380 nm (Fig. 8b, orange trace) that is not present in its reduced counterpart p-PDA (blue trace), so in this case absorbance at 380 nm can be used to monitor the reaction progress. 
, where [p-NP] is the concentration of the substrate and k app is the apparent reaction rate constant. Typical k app values measured for the hybrids were of the order of 10 -2 s -1 (e.g., see Fig. 8b ). By contrast, as exemplified in Fig. 8d for the graphene-Ag NP hybrid, the reduction of p-NA frequently exhibited a linear decay in the recorded kinetic profiles, thereby suggesting a pseudo-zero-order reaction that obeys the equation: 75, 89, [92] [93] [94] [95] [96] [97] For the former reaction, the measured TOF values of our graphene-metal NP hybrids were typically in the range of a few to several min -1 , such activities being comparable to those of many of the best performing catalysts documented in recent years. The catalytic activity of the three hybrids was seen to be considerably higher in the case of p-NA reduction, with TOF values as high as 23 min -1 for the graphene-Pt NP hybrid. To the best of our knowledge, these are the highest activities that have been reported for such a reaction.
These high catalytic activities can be attributed, at least in part, to the absence of any capping agents on the surface of the NPs anchored on the graphene flakes. When such substances are required to avoid agglomeration of the NPs in the liquid media, they can be easily adsorbed on the catallytically active sites of the surface, thus hampering access of the substrate molecule to such sites. In line with the previous reasoning, we ascribe the lower catalytic performance of our hybrids towards p-NP reduction relative to the p-NA case to electrostatic repulsion effects that hinder the approaching of pnitrophenolate anions to the NPs in the hybrids. Finally, we tested the performance of the hybrids as electrocatalysts for the oxygen reduction reaction in view of its importance in the development of oxygen sensors and in fuel cell applications. 98 Compared to other techniques employed for oxygen determination (e. g., optical methods), electrochemical sensing has the advantages of 101 which suggests that these graphene-metal NP hybrid materials could be used for the same purpose. 
Conclusions
We The functionalization of the graphene sheets with phosphate groups that is inherently associated with the present FMNS-based approach might be useful as well in the hybridization of this two-dimensional carbon material with biomolecules (e.g., proteins
or DNA) through the formation of phosphate diester linkages, which is of potential interest in biochemistry and/or biomedical applications.
Experimental
Preparation and processing of FMNS-stabilized graphene dispersions in water
Unless otherwise stated, all the chemicals and starting materials used in this work were obtained from Sigma-Aldrich. In the preparation of aqueous FMNS-stabilized graphene dispersions, the effect of different experimental parameters was investigated, To assess the efficiency of FMNS as a stabilizer of graphene sheets in aqueous medium, the concentration of the different dispersions had to be determined. This was carried out by means of UV-vis absorption spectroscopy using a double-beam Heios  spectrophotometer (Thermo Spectronic) on the basis of the Lambert-Beer law:
where A is the measured absorbance, l is the optical path length,  is the extinction coefficient and C is the graphene concentration. In line with previous reports, 19, 22, 24 A was determined at 660 nm, which is well within the wavelength range (> 500 nm)
where FMNS is completely transparent.  was estimated on the basis of graphene dispersions prepared in water-isopropanol mixtures in the absence of FMNS or any other stabilizer. 57 To this end, natural graphite powder was sonicated in a water- was determined. This figure is in good agreement with previous estimates for pristine graphene dispersed in several organic solvents 19 and in water-surfactant solutions. 25 Indication that the value for  derived here is also reasonably correct for determining the concentration of FMNS-stabilized graphene was attained from the observation that the weight of free-standing paper-like films prepared by vacuum filtration of aqueous dispersions with a low FMNS/graphene mass ratio was consistent with the graphene concentration in the dispersion estimated through the Lambert-Beer law.
Synthesis of metal (Ag, Pt, Pd) NPs on FMNS-stabilized graphene sheets
Graphene-metal NP hybrids were obtained as follows. In the case of Ag NPs, mixed aqueous solutions containing 0.1 mg mL -1 FMNS-stabilized graphene sheets, 0.5 mM 
Characterization techniques
Catalytic and electrocatalytic activity of graphene-metal NP hybrids
The catalytic activity of the graphene-metal NP hybrids was evaluated towards two model reactions involving nitroarenes: reduction of p-NP to p-AP and reduction of p-NA to p-PDA, in both cases at room temperature in aqueous medium and using NaBH 4 as the reducing agent. The reaction progress was monitored by means of UV-vis absorption spectroscopy. An excess amount of reductant was employed (molar ratio of 
